Background: Noscapine is a safe orally available anticough medicine also known to bind microtubules and induce cancer cell death. Results: Noscapine inhibits myofibroblast differentiation and pulmonary fibrosis through prostaglandin receptors and activation of PKA. Conclusion: Noscapine is an antifibrotic drug acting through PKA activation via EP 2 prostaglandin receptors. Significance: This study describes a novel antifibrotic function and novel mechanism of action of noscapine.
Idiopathic pulmonary fibrosis is a progressive, fatal disease characterized by parenchymal fibrosis and structural distortion of the lungs. Age-adjusted mortality due to pulmonary fibrosis is increasing (1) , and it poses a vexing clinical challenge given the lack of proven efficacious therapy. Idiopathic pulmonary fibrosis is thought to be a disorder of abnormal wound healing (2, 3) , in which the initial trigger to the fibrotic response is injury to the alveolar epithelial cells, followed by an exuberant, nonresolving wound healing response (4 -6) driven by myofibroblasts, specialized fibroblasts with enhanced contractile and matrix gene expression (7) (8) (9) . Disrupting cellular mechanisms responsible for the acquisition of the myofibroblast phenotype may be a potential strategy to attenuate the ongoing fibrotic response in pulmonary fibrosis.
Transforming Growth Factor-␤1 (TGF-␤1) is a key mediator of myofibroblast differentiation and tissue fibrosis (10 -12) . We have demonstrated previously that TGF-␤ utilizes stress fiberdependent signaling driving nuclear accumulation of megakaryoblastic leukemia-1 (MKL1) 2 and activation of serum response factor (SRF) to fully induce the myofibroblast phenotype, and that activators of protein kinase A (PKA) attenuate myofibroblast differentiation through inhibition of SRF, but not Smad signaling (13, 14) . These data suggest that targeting the MKL1/SRF pathway could be an attractive approach for preventing myofibroblast differentiation and pulmonary fibrosis without affecting the initial Smad signaling of TGF-␤.
Previous studies using the bleomycin model of pulmonary fibrosis have shown the protective effects of the prostacyclin analog iloprost or of prostaglandin E 2 (15, 16) , both of which are known to act through cAMP/PKA signaling. We have shown a similar protective effect of adrenomedullin in a mouse model with genetic sensitization of adrenomedullin signaling in myofibroblasts (17) . We also have shown recently that myofibroblast differentiation is regulated by microtubule dynamics through a control of actin stress fiber/SRF signaling, independent of Smads (18) . Unfortunately, the prototypical microtubule stabilizer, paclitaxel (Taxol), has significant toxicity which limits its potential as a therapeutic in fibrotic disease. A search for modulators of microtubule dynamics with low toxicity in vivo identified noscapine as a potential candidate compound, and we sought to investigate its antifibrotic potential.
Noscapine is a nonsedative, nonaddictive alkaloid found in opium latex, which has been used with low toxicity as an antitussive medication in humans (19 -21) . The mechanism of the antitussive action of noscapine remains unclear but may involve the central nervous system (22, 23) and more specifically, sigma receptors, as this effect of noscapine was inhibited by the sigma receptor antagonist, rimcazole (24) . More recently, studies by Joshi's group have shown that noscapine binds to tubulin, changes its conformation, and arrests dividing mammalian cells in mitosis through its effects on microtubule assembly (25) . Therefore, noscapine has been studied extensively in cancer research, and its antitumor activity has been demonstrated in multiple in vivo studies (25) (26) (27) (28) .
In this study, we show for the first time that noscapine is an effective antifibrotic agent both in vitro and in vivo and describe a novel mechanism of noscapine action through a rapid activation of cAMP/PKA signaling mediated by EP 2 prostaglandin E 2 receptors in pulmonary fibroblasts.
EXPERIMENTAL PROCEDURES

Primary Culture of Human and Mouse Lung Fibroblasts-
Human lung fibroblasts were cultured as described previously (13) . Briefly, tissue samples from explanted lungs from patients undergoing lung transplantation were placed in DMEM with antibiotics. Lung tissue was minced to ϳ1-mm 3 pieces, washed, and plated on 10-cm plates in growth medium containing DMEM supplemented with 10% FBS and antibiotics. The medium was changed twice a week. After ϳ2 weeks, the explanted and amplified fibroblasts were cleared from the tissue pieces, trypsinized, and further amplified as passage 1. Mouse lung fibroblasts were cultured in a similar manner. For experiments, cells were grown in 12-well plates at a density of 1 ϫ 10 5 cells/well in a growth medium for 24 h, starved in DMEM containing 0.1% bovine serum albumin (BSA) for 48 h, and treated with desired drugs for various times as indicated in the figure legends. All primary cultures were used from passage 3 to 10.
Cytotoxicity Assay-Cytotoxicity of drugs was examined by measuring the release of lactate dehydrogenase in the media, using the CytoTox 96 assay (Promega) following the manufacturer's protocol.
Cell Lysis and Western Blotting-Cells were lysed in radioimmunoprecipitation assay buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 0.5% sodium deoxycholate, 2 mM EDTA, 2 mM EGTA, 10% glycerol, 1 mM NaF, 200 M sodium orthovanadate, and protease inhibitors (1 g/ml leupeptin, 1 g/ml aprotinin, 1 mM PMSF), scraped, sonicated for 5 s, mixed with Laemmli buffer, and boiled for 5 min. Samples were then subjected to polyacrylamide gel electrophoresis and Western blotting with desired primary antibodies and corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies, and developed by chemiluminescence reaction (Pierce). Digital chemiluminescent images below the saturation level were obtained with a LAS-4000 analyzer, and the light intensity was quantified using Multi Gauge software (Fujifilm).
Bleomycin-induced Pulmonary Fibrosis-8 -10 week old C57BL/6 were intratracheally instilled with 1 unit/kg bleomycin (Bleocip, Cipla Ltd.). Noscapine was administered intraperitoneally daily at a dose of 100 mg/kg beginning on day 7 after bleomycin treatment. Lungs were removed 21 days after bleomycin administration. Left lungs were formalin-fixed and paraffin embedded, and immunohistochemistry was performed on lung sections. Images of the stained sections were obtained on a CRi Pannoramic whole slide scanner. Right lungs were used for hydroxyproline content measurements.
Hydroxyproline Assay-The hydroxyproline assay was performed as described previously (17) . Briefly, right lungs were homogenized in 6 N hydrochloric acid and hydrolyzed for 12 h at 110°C. An aliquot was evaporated, resuspended in citrateacetate buffer with chloramine T, and left at room temperature for 20 min. Ehrlich's solution was then added, and samples were heated at 65°C for 15 min. After cooling to room temperature, absorbance was measured at 550 nm. Hydroxyproline content was determined against a standard curve generated from pure hydroxyproline.
Transfection and Luciferase Assay-Subconfluent cells were co-transfected with desired firefly luciferase reporter plasmid, and thymidine kinase (TK) promoter-driven Renilla luciferase plasmid (TK-Rl). Cells were serum-starved followed by stimulation with the desired agonists. Cells were washed and then lysed in protein extraction reagent. Lysates were assayed for firefly and Renilla luciferase activity using the dual luciferase assay kit (Promega). To account for differences in transfection efficiency, firefly luciferase activity of each sample was normalized to Renilla luciferase activity.
In Vitro Isolation of Stress Fibers-Stress fibers were isolated as described previously (14, 18) . All of the procedures were performed on ice using buffers containing protease inhibitors (Sigma). After stimulation with desired agonists, cells were washed and then extracted with buffer containing 2.5 mM triethanolamine (pH 8.2), followed by extraction with 0.05% Nonidet P-40 (pH 7.2) and subsequent extraction with 0.5% Triton X-100 (pH 7.2). Cells were washed, PBS was added, and the cells were scraped and centrifuged at 100,000 ϫ g for 1 h. Supernatant was removed, and the pellet was sonicated in PBS.
Isolation of nuclear and cytoplasmic fractions was performed using NE-PER nuclear and cytoplasmic extraction kit (Thermo Scientific) following the manufacturer's protocol. The purity of isolated fractions was confirmed by Western blotting with the nuclear lamin A/C and cytoplasmic 14-3-3␤.
In Vitro Isolation of Soluble and Insoluble Microtubule Fractions-Soluble and insoluble fractions of microtubules were isolated using a method described previously (29) . Cells were rinsed twice with warm Dulbecco's phosphate-buffered saline and lysed at room temperature in microtubule-stabilizing buffer containing 2 M glycerol, 20 mM Tris-HCl (pH 6.8), 140 mM NaC1, 0.5% Nonidet P-40, 1 mM MgC1 2 , 2 mM EGTA, 10 M Taxol, and protease inhibitors mixture. The plates were then put on ice; cells were scraped and transferred to a microcentrifuge tube. Each well was rinsed with a second aliquot of stabilization buffer, combined with the first aliquot, and briefly vortexed. Lysates were centrifuged at 20,000 ϫ g for 10 min at 4°C. Supernatants containing soluble tubulin were removed, and the pellets with polymerized tubulin were lysed in radioimmunoprecipitation assay buffer and sonicated.
Indirect Immunofluorescence Microscopy-Cells were fixed in 4% paraformaldehyde in PBS followed by permeabilization with 0.2% Triton X-100 in PBS. Cells were then incubated in 2% BSA in PBS, followed by incubation with mouse ␣-tubulin antibodies at 4°C overnight, washed, and incubated with antimouse FITC-conjugated secondary antibodies, washed, and coverslips were mounted using Vectashield mounting medium containing DAPI nuclear stain (Vector Laboratories, Burlingame, CA). Immunofluorescence images were obtained using an Olympus 1X71 fluorescent microscope.
Adenovirus-mediated DNA Transduction-Adenovirus (0.2 ϫ 10 9 viral particles/ml) was incubated with cells for 24 h with Lipofectamine LTX reagent (Stratagene, La Jolla, CA) to facilitate the efficiency of transduction. Cells were then serumstarved and stimulated with the desired agonists for the indicated times.
Reagents-Noscapine hydrochloride hydrate was from Sigma-Aldrich. TGF-␤ was from Calbiochem. Pharmaceutical grade bleomycin (Bleocip) was from Cipla LTD. SC-560 and NS-298 were from Sigma-Aldrich. AH-6809, RO-1138452, PF-04418948, L-161,982 and BW A868C were from Cayman Chemicals. Rimcazole was from Santa Cruz Biotechnology. Antibodies against SM ␣-actin, ␤-actin, and ␣-tubulin were from Sigma-Aldrich; collagen-1 antibodies used for Western blotting were from Cedarlane; vasodilator-stimulated phosphoprotein (VASP) antibodies were from Calbiochem; MKL1 antibodies were from Bethyl Laboratories; PKA-substrate antibodies were from Cell Signaling Technologies. Antibodies against collagen I (ab21286) and collagen III (ab7778) were obtained from Abcam and were used for immunohistochemistry at the dilution of 1:300 and 1:600, respectively. The firefly luciferase reporter for SRF activity (SRF-Luc) was a gift from Tatyana Voyno-Yasenetskaya (University of Illinois at Chicago). The firefly luciferase reporter for the Ϫ125 base pair SM ␣-actin promoter was a kind gift of Dr. Joseph Miano (University of Rochester). The plasmid for luciferase reporter driven by Smad-binding elements (SBE-Luc) was provided by Dr. Bert Vogelstein (The Johns Hopkins University). Ad-PKI and Ad-LacZ were described previously (30) .
Statistical Analysis-Quantitative data from three independent experiments were analyzed by Student's t test. Values of p Ͻ 0.05 (*) were considered statistically significant.
RESULTS
Antifibrotic Effects of Noscapine in Vitro and in Vivo-We
first examined the effect of noscapine on TGF-␤-induced differentiation of cultured human lung fibroblasts (HLFs). As shown in Fig. 1A , noscapine significantly attenuated TGF-␤induced expression of SM-␣-actin and collagen-1 in cultured HLFs. Given the reported effect of noscapine on apoptosis of cancer cells (25) , we examined the cytotoxic effect of noscapine on HLF by measuring the release of lactate dehydrogenease. As shown in Fig. 1B , noscapine treatment promoted a small although statistically significant release of lactate dehydrogenase compared with a profound effect of hydrogen peroxide.
To examine the effect of noscapine on fibrinogenesis in vivo, we used the bleomycin model of pulmonary fibrosis in mice. In this model, intratracheal administration of bleomycin results in the initial injury of alveolar epithelial cells followed by an inflammatory response during the first week and development of pulmonary fibrosis at 2-3 weeks after bleomycin administration. As shown in Fig. 1 , intratracheal administration of bleomycin resulted in a significant pulmonary fibrosis accompanied by accumulation myofibroblasts, as determined by hydroxyproline assay for collagen content (Fig. 1C) and by histological assessment of lung sections stained with H&E, trichrome, or with antibodies against collagen I, collagen III, or SM-␣-actin ( Fig. 1D ). To avoid a potential effect of noscapine on the initial injury and inflammatory response, we used a "therapeutic" protocol, wherein noscapine was administered daily beginning on day 7 after bleomycin administration, and the lungs were analyzed on day 21. As shown in Fig. 1 , administration of noscapine resulted in a significant decrease of pulmonary fibrosis as assessed by the hydroxyproline assay of mouse lungs and by immunohistochemical staining of mouse lung sections with antibodies against collagen I, collagen III, or SM-␣-actin. Importantly, noscapine-treated lungs had a clearly decreased number of SM-␣-actin-positive cells (Fig. 1D) , which is consistent with the regulation of myofibroblast differentiation by noscapine in vitro (Fig. 1A) .
Noscapine Inhibits TGF-␤1-induced SRF Activity without Affecting Smad-dependent Gene Transcription-We next examined the mechanism by which noscapine inhibits myofibroblast differentiation in response to TGF-␤. We and others have established previously that this process is initiated by Smad-dependent expression of intermediate signaling molecules driving the activation of SRF that is required for the expression of SM-␣-actin, collagen 1, and other myofibroblast differentiation markers (13, 14, 31) . We also showed that activation of SRF by TGF-␤ in HLF is mediated by increased expression and nuclear accumulation of SRF co-activator MKL1 and that this process is blocked by microtubule stabilizer, Taxol (14, 18) . As shown in Fig. 2A , noscapine attenuated TGF-␤-induced expression and accumulation of MKL1 in the nuclear fraction. Furthermore, treatment of HLFs with noscapine resulted in a significantly decreased activation of SRF by TGF-␤, as assessed by a SRF-driven luciferase reporter (Fig.  2B ). Finally, noscapine blocked TGF-␤-induced activation of Ϫ125-base pair fragment of SM-␣-actin promoter (Fig. 2C ) known to contain two SRF binding sites (32) . In contrast, noscapine did not affect TGF-␤-induced Smad2 phosphorylation ( Fig. 2D ), nuclear accumulation ( Fig. 2E ), or Smad-dependent gene transcription, as determined by a luciferase reporter driven by Smad-binding elements (Fig. 2F) .
Noscapine Does Not Affect the Gross Microtubule Content but Inhibits Actin Polymerization in Response to TGF-␤-In vitro
studies by others suggest that noscapine does not promote or inhibit the gross microtubule polymerization, but rather affects the steady-state dynamics of microtubule assembly, by increasing the "pause" state of microtubules in cancer cells (33) . Nevertheless, given our previously published data showing that microtubule stabilization by Taxol inhibits myofibroblast differentiation (18), we examined whether noscapine affected the Mice were treated with 1 unit/kg bleomycin intratracheally. 7 days after bleomycin administration, 100 mg/kg noscapine or vehicle was delivered intraperitoneally daily for 14 more days. Animals were sacrificed, and lungs were removed. C, right lungs were processed for hydroxyproline assay. DMSO, dimethyl sulfoxide. D, left lungs were formalin-fixed, paraffin-embedded, sectioned, and processed for H&E or trichrome staining or for immunohistochemistry with collagen I, collagen III, or SM-␣-actin (SMA) antibodies. The specificity of primary antibodies is demonstrated by the lack of staining in airway epithelial cells. No staining was observed in the absence of primary antibodies or with the use of normal IgG (data not shown). Representative images are shown. Error bars, S.E.; *, p Ͻ 0.05. gross microtubule content of HLFs. Immunocytochemical analysis showed that noscapine clearly altered the architecture of microtubules, causing their concentration at the perinuclear space (Fig. 3A) . However, it was not evident from this analysis whether noscapine promoted gross microtubule polymerization, whereas Taxol treatment showed a clear increase in immunohistochemical staining of microtubules (Fig. 3A) . Therefore, we performed in vitro microtubule fractionation from cultured HLFs as a quantitative assay for the gross microtubule content. As shown in Fig. 3B , the microtubule fraction was not significantly enriched with ␣-tubulin by noscapine following 24-h treatment, whereas Taxol treatment clearly resulted in microtubule polymerization. We also failed to detect microtubule stabilization by noscapine at earlier time points (1-3 h) using this assay (data not shown), whereas Taxol was effective in microtubule polymerization at these time points (14) . These data suggests that noscapine and Taxol inhibit myofibroblast differentiation by distinct mechanisms.
Therefore, we then further examined the possible mechanism of regulation of myofibroblast differentiation by noscapine. Given that noscapine inhibited SRF activation but not Smad-dependent gene transcription in response to TGF-␤ (Fig.  2) , and given our previous studies pointing to the role of actin stress fiber formation in TGF-␤-induced myofibroblast differentiation downstream of Smad signaling (14) , we examined the effect of noscapine on this process by in vitro isolation of stress fibers. As shown in Fig. 3C , noscapine appreciably attenuated TGF-␤-induced accumulation of the housekeeping ␤-actin as well as of the newly expressed SM-␣-actin in the stress fiber fraction.
Activation of PKA Mediates the Regulation of Myofibroblast Differentiation by Noscapine-We and others have previously established that myofibroblast differentiation can be regulated by activators of cAMP/PKA signaling through inhibition of SRF but not of Smad-dependent gene transcription (13, 34) . Therefore, we examined whether the effect of noscapine is dependent on PKA activation. Strikingly, we found that noscapine stimulated a rapid and prolonged stimulation of PKA activity in HLFs, as assessed by the electrophoretic mobility shift of PKA substrate, VASP (Fig. 4A) . We have previously established that such a shift of VASP is mediated by a PKA-dependent phos-phorylation and serves as a sensitive reporter for PKA activity (35) . Supporting this, noscapine induced phosphorylation of multiple proteins phosphorylated by PKA, as assessed by Western blotting with PKA-substrate antibodies (Fig. 4A) , the specificity of which was demonstrated by us previously (36) . Importantly, a 1-h stimulation with Taxol, which resulted in a complete microtubule polymerization (18) , had no effect on PKA activation (Fig. 4A ), suggesting that the effect of noscapine on myofibroblast differentiation may be not related to microtubule stabilization.
Noscapine also induced a rapid VASP shift in primary cultured mouse lung fibroblasts, albeit to a lesser extent (Fig. 4B) . Interestingly, noscapine failed to induce VASP shift in a human bronchial epithelial cell line 16-HBE or in the alveolar epithelial cancer cell line A549 (Fig. 4B ), suggesting a cell-specific effect of noscapine on PKA activation.
To examine the role of PKA in the regulation of myofibroblast differentiation by noscapine, we used adenovirus-mediated expression of the PKA inhibitor protein, PKI (Ad-PKI), which we and others have shown to be an effective and specific tool for the assessment of the role of PKA (30, 37) . As shown in Fig. 4C , transduction of HLFs with Ad-PKI abolished the noscapine-induced VASP shift, whereas the control Ad-LacZ did not. Importantly, Ad-PKI but not Ad-LacZ rescued HLF cells from the inhibition of TGF-␤-induced expression of SM-␣-actin and collagen-1 by noscapine (Fig. 4D) .
EP 2 Prostaglandin Receptors Mediate Regulation of Myofibroblast Differentiation by Noscapine in HLF-Previous studies
have demonstrated that human lung fibroblasts are highly responsive to prostaglandin E 2 (PGE 2 ), prostaglandin D 2 (PGD 2 ), and prostacyclin (PGI 2 ) in terms of cAMP activation and inhibition of myofibroblast activation (13, 34, 38) . We also showed that PKA can be rapidly activated by endothelin-1 or by ATP through cyclooxygenase (COX)-mediated prostanoid synthesis in vascular smooth muscle cells (30, 35, 37) . In addition, the effects of noscapine on the cough reflex may involve opioid sigma receptors (24) , although there is no evidence for activation of PKA through these receptors. To test the potential involvement of these mechanisms in the action of noscapine, we used pharmacological inhibitors of the corresponding receptors and enzymes. As shown in Fig. 5A , noscapine-in-duced VASP phosphorylation was not affected by the sigma receptor antagonist, rimcazole, by the specific antagonist of prostacyclin receptors, RO-1138452, or by the combined inhibition of COX-I and COX-II with SC-560 and NS-398, respectively. In contrast the PGE 2 /PGD 2 receptor antagonist, AH6809, completely blocked the noscapine-induced VASP shift (Fig. 5A ).
We then examined the effect of more selective antagonists of prostanoid receptors known to mediate cAMP production on the regulation of VASP shift and on myofibroblast differentiation by noscapine. Fig. 5B shows that noscapine-induced VASP shift was blocked by the selective antagonist of EP 2 receptors for PGE 2 , PF-04418948. In contrast, noscapine-induced VASP shift was unaffected by the antagonist of EP 4 receptors for PGE 2 (L-161,982), or of DP receptors for PGD 2 (BW A868C) ( Fig.  5B ). Furthermore, PF-04418948 rescued cells from the inhibition of TGF-␤-induced expression of SM-␣-actin and collagen-1 by noscapine ( Fig. 5C ). Together, these data suggest that regulation of myofibroblast differentiation by noscapine is, at least in part, mediated by activation of PKA through EP 2 receptors.
DISCUSSION
Noscapine has been studied extensively in cancer research due to its effects on microtubule dynamics, and its antitumor activity has been demonstrated in multiple in vivo studies (25) (26) (27) (28) . Our study demonstrates for the first time that (i) noscapine attenuates fibrotic responses both in cultured human pulmonary fibroblasts and in an experimental model of pulmonary fibrosis; (ii) noscapine activates PKA specifically in pulmonary fibroblasts but not in bronchial or alveolar epithelial cells; (iii) PKA activation mediates the antifibrotic effects of noscapine; and (iv) the mechanism of PKA stimulation by noscapine involves activation of EP 2 prostanoid receptors, which mediate regulation of myofibroblast differentiation by noscapine.
The antifibrotic effect of noscapine found in our study is similar to the stable prostacyclin analog, iloprost, in the bleomycin model (15) . However, the therapeutic potential of iloprost maybe limited due to the side effects associated with vasodilation of vascular pulmonary beds. Of note, noscapine had no effect on PKA activation in cultured human pulmonary artery smooth muscle cells (data not shown). Thus, noscapine may have a greater therapeutic potential for treatment of pulmonary fibrosis, as it has been already used for decades as an antitussive drug with low toxicity in several countries throughout Europe, Asia, and South America, and there are no reports on pulmonary vasodilation in response to noscapine treatment.
Our studies show for the first time that noscapine induces a rapid and profound activation of PKA in human lung fibroblasts, which we reproduced using noscapine from two independent sources (Sigma-Aldrich and R&D Systems). We also show that PKA activation by noscapine is causatively associated with inhibition of myofibroblast differentiation. Given numerous studies on the mechanism of noscapine action, one would be surprised that this effect of noscapine has not been described before. In fact, one earlier study suggested that noscapine can promote cAMP accumulation in response to the activator of adenylyl cyclase, forskolin, in brain slices, while having no effect on cAMP accumulation in the absence of forskolin (23). Our data suggest a cell-specific effect of noscapine on PKA activation, wherein it had no effect on PKA activity in epithelial (bronchial or alveolar) cell lines ( Fig. 4) , as well as in pulmonary artery smooth muscle cells (data not shown), likely due to a lack of EP 2 receptor expression in these cells. Given that most studies on noscapine as related to its effects on microtubule assembly and regulation of cell growth were focused on cancer cells from epithelial and lymphoid origins (25, 26, 39 -41) , it is possible that PKA activation by noscapine was overlooked, at least in fibroblasts. A broader investigation of cell-specific effects of noscapine will be performed in the future.
Our data also suggest that the antifibrotic effect of noscapine on lung fibroblast activation is mediated by EP 2 receptors for PGE 2 , as the selective EP 2 receptor antagonist, PF-04418948, blocked the activation of PKA and rescued the inhibition of myofibroblast differentiation by noscapine ( Fig. 5 ). Furthermore, the antifibrotic effect of noscapine in our experiments ( Fig. 1 ) was similar to that shown for PGE 2 , also in the bleomycin model (16) . Of note, multiple groups have demonstrated dysregulation of PGE 2 synthesis (as a result of down-regulation of COX-II expression) in the lung of human patients with pulmonary fibrosis as well as in animal models, which was associated with severity of the disease (42) (43) (44) (45) (46) (47) , suggesting that activation of PGE 2 receptors could be an attractive approach for treatment of pulmonary fibrosis. Thus, noscapine could be a novel, nontoxic and orally available agonist of EP 2 receptor signaling with antifibrotic action.
The precise mechanism of EP 2 receptor activation by noscapine requires further investigation. It remains to be determined whether (and how) noscapine binds EP 2 receptors and whether it acts as an EP 2 agonist compared with PGE 2 and with the other EP 2 agonists. Given that noscapine has no structural homology to PGE 2 , it would be important to identify a structural moiety of noscapine responsible for EP 2 activation and antifibrotic action compared with its effect on microtubule dynamics. Finally, a number of noscapine analogs are being developed for anticancer therapy based on its microtubule binding properties (48 -50) ; and it would be important to compare them with noscapine in terms of PKA activation, regulation of microtubule dynamics, and antifibrotic activity, both in vitro and in vivo.
